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Measurements have been made of the rates of oxygen consumption 
by the eggs of several marine forms, and especially of the change in 
rate following fertilization.  It is convenient to present some of these 
results separately, considering them comparatively  in one of the papers 
and  discussing the  relation to  other work in  the field, and  some of 
the theoretical implications.  This will be done in the fourth paper 
(1)  of this series.  The present paper will be chiefly concerned with 
measurements on the eggs of the clam Cumingia. 
In the summer of 1930 measurements of the  rate  of  oxygen con- 
sumption  of  Chaetopterus  eggs  showed  that  immediately following 
fertilization there is a  decided decrease  to slightly more than half of 
the  prefertilization  rate.  This  surprising  result was  entirely unex- 
pected, and many careful repetitions of the measurements were made, 
which  invariably  confirmed  the  first  finding.  When  the  eggs  of 
Chaelopterus are taken from the parapodia of the female and are placed 
in sea water, dissolution of the germinal vesicle takes place and ma- 
turation proceeds until the nucleus comes to rest in the metaphase of 
the first polar spindle.  This takes less than 15 minutes at 20°C.  In 
this stage the egg rests until it is fertilized.  When the unfertilized 
eggs are placed in manometers after having attained  the metaphase 
resting condition, the rate of  oxygen consumption is uniform for at 
least  8  hours.  Fertilization  at  any time during this  period  (which 
was the longest experimental period) causes a sharp drop to about half. 
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The  prefertilization  rate  is  not  regained  until  several  hours  after 
fertilization. 
The  eggs  of  the  clam  Cumingia undergo  nuclear  changes  before 
fertilization which almost exactly parallel the changes in Chaetopterus. 
When the eggs are  shed through the siphon into sea water, they are 
immature.  In the water the  germinal vesicle  quickly breaks  down, 
liberating nuclear sap into the cytoplasm,  and the chromosomes line 
up in the metaphase of the first polar spindle.  In this condition the 
eggs  rest  until  they  are  fertilized.  The  eggs  are  small,  averaging 
about 65 microns in diameter.  They are  enclosed in a  tough mem- 
brane,  even  before  fertilization  (as  demonstrated  with  the  micro- 
needle), and withstand manometer shaking very well. 
THE  EXPERIMENTS 
The experiments  with the Cumingia eggs were performed at  the  Marine  Bio- 
logical I:aboratory,  Woods Hole, in August,  1930.  For an experiment about  30 
clams  were washed  and  placed each  in  a  separate  Syracuse  dish  containing  sea 
water.  When these animals have been kept out of water for a  time after collect- 
ing, some of them will shed gametes after being returned to sea water.  The males 
usually begin to shed in about 25 minutes or half an hour, if in good season,  and 
the females somewhat later.  Unlike the measurements on Chaetopterus, in  which 
one  female shed  enough  eggs for  a  complete  experiment,  the  measurements  on 
Cumingia were made on the mixed eggs of several females.  In order that all the 
eggs would be in the same stage, and of approximately the same age, they were so 
selected that at the start of an experiment all eggs had been shed at least half an 
hour and  none  more  than  50 minutes.  After the eggs have been  shed  into sea 
water the prefertilization nuclear changes take about  10 or 12 minutes.  The eggs 
were thoroughly washed at least twice to remove mucous and foreign matter, and 
were then  concentrated  after settling by  removing  sea  water  from  above  them 
with  a  siphon.  Care  was  taken  to  avoid compressing  or  damaging  any  of the 
eggs in this process. 
Warburg  manometers were used.  Four small rectangular vessels had been es- 
peciaLiy designed to facilitate measurements with small amounts of eggs.  These 
vessels are described in another  paper  (1).  In  some experiments 4 cc., in other 
experiments 2 cc., of sea water and eggs were placed in each of two of the vessels. 
Approximately equal egg concentrations were obtained  in the two vessels by fill- 
ing the measuring pipette from the same well stirred dish of eggs and sea water. 
A  third vessel contained a  like volume of sea water and served as the barometric 
control.  The  fourth  vessel contained a  llke  volume  of  sea  water  to  which  ex- 
actly the same amount of sperm was added as was used to  fertilize the eggs.  This D.  ~.  WmTAXEg  185 
vessel served as a control for determining the respiration of the sperm.  It might 
be objected that the sperm in the vessel containing eggs, because of the eggs and 
their secretions, are probably not in the same state of activity as those in the con- 
trol vessel.  However, in all cases, as well as in measurements on Fucus, Chaetop- 
terus, and Nerds, the respiration of the amount of sperm used in insemination  was 
found to be entirely negligible.  Each vessel also contained 0.2 cc. 5 per cent KOH 
solution in a bulb or well to absorb CO~. 
One of the two vessels containing  eggs was used as an unfertilized control to be 
sure that the treatment was such as to give approximately constant respiration. 
The other egg-containing  vessel, run simultaneously,  was used at first for measure- 
ment of the unfertilized rate.  After this had been obtained reproduceably  for 
several readings the eggs in this vessel were inseminated, and measurements were 
continued.  After  an  experiment  the  volume of  the  eggs  was  determined by 
centrifuging the contents of each vessel in an accurately calibrated vaccine tube, 
in which volume could be read to about 1 c.mm.  It was found that if the eggs are 
centrifuged at a  certain speed for 10 minutes, additional centrifuging causes no 
further measurable decrease in the volume which the packed eggs occupy.  Read- 
ings of the volumes of eggs were made after centrifuging for 15 minutes.  Since 
there is no doubt some free space among the packed eggs the observed volumes 
are probably a  little too great, but this error is probably not large and it is at 
least about the same for different experiments. 
The Conditions of Measurement 
The manometers were mounted on a shaker of adjustable rate and ampfitude 
A  certain optimum of these adjustments must be found by preliminary experi- 
mentation.  Too rapid a rate of shaking damages the eggs, while too slow a  rate 
does not maintain equilibrium of gas tension between the sea water in the vessel 
and the air above it.  In the cases of the eggs of Fucus and Arbacia it was found 
that this optimum rate of shaking is quite crucial.  Small deviations cause on the 
one hand a  gradual rise, with cytolysis, or if the shaking is a  little too slow,  a 
gradual decline in the rate of respirations of unfertilized egg.  It is possible, how- 
ever, to find a rate and amplitude of shaking which gives constant readings for a 
long time.  The eggs of both Cumlngia and Ckaetopterus are much more favorable 
to work with in this respect.  A greater range of shaking speed continues to give 
constant readings.  This may be largely due to the tough membrane which en- 
velops these eggs,  which probably permits them to withstand a  greater rate of 
shaking without damage.  The optimum speed  of  shaking is  of  course also a 
function of the size  and shape of the vessels.  For these experiments a  rate of 
forty-eight round trip shakes per minute and an amplitude of the vessel offl cm. 
gave constant readings on unfertilized eggs for several hours. 
The manometers were submerged in an aquarium full of stirred water which 
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Fertilizing the Eggs 
The vessels all had small bulbs at the top of one side in which dry 
sperm or sperm suspension could be placed, later  to be mixed with 
the eggs by tipping  the manometer.  It was found,  however, in the 
case of Cumingia  (as  well  as  with Fucus, Chaetopterus, Nerds,  and 
Arbacia) that after sperm have been in this side chamber even for so 
brief a  period as 25 minutes,  a  high percentage of fertilization  is not 
usually attained.  I  had earlier thought  this to be due either to the 
effect of concentrated  egg water on the sperm,  or to damage  to the 
eggs in shaking.  But neither of these are the cause, since when ves- 
sels are opened and  fresh sperm are  added  95  per cent  to  100  per 
cent fertilization often results, even if the unfertilized eggs have been 
shaken for several hours.  It is more difficult to obtain good fertili- 
zation of Fucus and Arbacia eggs with sperm which have been kept 
in  the  manometers  than  of  the  other  forms  mentioned,  especially 
Chaetopterus  The  cause  of  the  deterioration  of  the  sperm  in  the 
bulb was not investigated.  The difficulty was avoided by measuring 
the rate before fertilization,  and then opening the vessels and adding 
fresh sperm to the egg vessel and to the sperm control vessel.  Since 
opening the vessels changed the temperature,  and the meniscus sett- 
ing, a new start had to be made.  No reading could be made covering 
the first 10 minutes after fertilization.  The first measurement  after 
fertilization  covered the second 10 minute period. 
It is also possible to make measurements covering the period imme- 
diately  following  fertilization  in  the  following  way: measurements 
are  made  on  the  unfertilized  eggs until  a  reliable  and  reproducing 
value is gotten.  This  will usually consist of a  15  minute  period at 
the start for the vessels to come to the temperature of the thermostat, 
and  then  perhaps  four consecutive readings  at intervals  of  10  or  15 
minutes  (depending  on  the  magnitude  of  the  consumption,  which 
depends  among other things  on  the volume of eggs in  the  vessels). 
If the vessel to be inseminated is then taken from the tank and fresh 
sperm are quickly put in the bulb, the vessel may be returned to  the 
thermostat with little handling and after having been out of the tank 
less than a minute.  8 or 10 minutes in the thermostat will return  the 
vessel to thermostat temperature.  If now the vessel is tipped to mix 
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measure  the  period  beginning  at  fertilization.  The  object  of  this 
procedure is to keep the sperm in the bulb only 10 or 15 minutes while 
allowing more than an hour, or an indefinite period, for measurements 
on  the  unfertilized eggs.  By this method high percentages  of fer- 
tilization were obtained with Chaetopterus  eggs.  Only one such ex- 
periment was performed on Cumingia eggs and in this case resulted in 
only 35  per  cent  fertilization.  Repetition  would  no  doubt  better 
this.  The  present  experiments were  not  designed  to  test precisely 
how soon after insemination the change in respiration takes place. 
RESULTS 
The calculations of oxygen consumption were made following War- 
burg (2) for the simpler case in which CO= is eliminated by absorption 
in 5 per cent KOH: 
Vo -~- +  V  F ~o~ 
X  =  k  Po 
where X  =  oxygen consumed in c.mm., h  =  change in pressure  at 
constant volume in ram. of manometer fluid (Brodie's fluid),  Vg  = 
volume of gas space in c.mm. between the surface of the sea water and 
the meniscus, VF  =  volume of the fluid (sea water and eggs) in c.mm. 
a s  =  the  solubility coefficient (Bunsen's  coefficient)  of  oxygen in 
the fluid (sea water), Po  =  standard pressure in mm. of manometer 
fluid (10,000  ram. Brodie  =  760 mm. Hg.)  For any given vessel at 
constant temperature and with  a  constant VF  the  term within the 
bracket is a constant.  The results have been calculated in terms of 
the rate:  c.mm. of oxygen per hour per 10 c.mm. of eggs. 
Measurements of the  rate  of consumption of oxygen by unferti- 
lized  eggs,  each  measurement covering  a  span  of  from  10  to  100 
minutes, and being the average of consistent 10 minute consecutive 
readings over that period, are tabulated in Table I. 
The  average  absolute rate  of consumption by unfertilized eggs is 
seen to be 3.1  c.mm. of oxygen per hour per 10 c.mm. of eggs. 
In five experiments, four of which had good controls, the rate after 
fertilization has been  calculated as  a  percentage of the  rate  of the 
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trol of one experiment  (Experiment  5,  Table  II)  gave a  consistent 
and standard result in the early part of the experiment but then had 
to be discarded because of a  stop-cock leak.  There is every reason 
to believe that the experimental vessel gave a good result.  In those 
experiments in which the percentage of fertilization is  considerably 
below 100 per cent it might be possible to extrapolate to 100 per cent 
on  the basis  of the observed percentage fertilization.  This is  dan- 
gerous, however, as it is at least possible that various unknown de- 
grees of partial activation may have taken place which give no visible 
sign when the percentage fertilization is  counted.  In two cases  of 
low percentage fertilization when extrapolation was attempted (Table 
TABLE  I 
Experiment  Vol. eggs in vessel*  Total duration of test  Mm.  s 02 per hour  per 10 ram.  3 eggs 
1 
2 
3 
4 
5 
6 
7 
20 nlmfl 
42  " 
42  " 
44  ~t 
37  " 
36  " 
34  " 
75 
6O 
60 
40 
60 
30 
100 
3.3 
3.2 
2.8 
3.1 
2.6 
3.3 
3.6 
Average .................................................  3.1 
* In 4 cc. sea water except in Experiment 5 in which there were 2 cc. sea water. 
II,  Experiment  3  and  Experiment  4)  this  was  evidently the case, 
the value obtained being explicable only on  the  assumption that  a 
larger percentage fertilization or activation had actually taken place 
than was observed.  If we do not make this assumption, it follows 
that fertilized eggs  consume less  than no  oxygen, which is  absurd. 
In  another case,  with somewhat better  fertilization  (Table  II,  Ex- 
periment I, 50 per cent fertilization) the value obtained by extrapola- 
tion to 100 per cent fertilization agrees closely with the direct result 
of two experiments of high percentage fertilization. 
In five experiments the observed percentages of fertilization were 
50 per cent, 95  +  per cent, 35 per cent, 15 per cent, 92 per cent.  The D.  BI.  WttITAKER  189 
percentages  were  determined  by  sample  counts  involving in  each 
case at least 200 eggs.  It is perhaps best to consider the two cases of 
higher percentage fertilization separately, as they give a comparatively 
reliable result with  slight correction  by extrapolation, and then see 
to what extent the results are supported by the cases of low percent- 
age fertilization.  Fig.  1 shows with heavy line blocks  the detailed 
results  of  the  two  best  experiments  averaged.  They represent  92 
per cent and 95  W per cent  fertilization respectively.  The  dotted 
line blocks represent the simultaneous unfertilized control of one of 
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FIG.  I 
these experiments  (the other unfertilized control having been  lost). 
The two results which are averaged are separately very similar. 
Table II shows the results of the five experiments in tabular form. 
These percentages (fertilized rate with respect to unfertilized rate, 
Table II) are calculated from the average rate of the first measured 
50 minutes after fertilization, i.e.,  of the period 10 to 60 minutes after 
fertilization, taken  as  a  percentage  of  the  rate  for  the  same  eggs 
before  fertilization.  It  is  seen  that  all  data  (without  exception) 
point to a  decrease after fertilization.  The three cases in which the 
percentage fertilization is low are less reliable for giving an absolute 190  RATE  OF  OXYGEN  CONSUMPTION  BY  EGGS.  11 
value for the drop, but all show a  decided decrease  The calculations 
for each experiment are based on the average of at least four consecu- 
tive measurements each before and after fertilization.  The rate for 
the first hour after fertilization is about 45 per cent of the rate before 
fertilization. 
Immediately after fertilization the rate is probably even less  (see 
Fig. 1).  The one experiment in which a measurement was obtained 
immediately after fertilization was the one with only 35 per cent fer- 
tilization.  It indicated that the average rate for the first 10 minutes 
after fertilization is slightly  lower than for the second 10 minute period. 
TABLE  II 
Experiment  Percentage fertilization  Fertilized respiratory  Extrapolated  to  100 per 
rate, as percentage of the  cent fertilization  observed  prefertitization rate 
50 
95+ 
35 
15 
92 
71 
44 
70 
74 
51 
per cen~ 
41 
42 
47 
SUMMARY AND  CONCLUSION 
The rate of oxygen consumption by the eggs of the clam Cumingia 
decreases following fertilization, resembling in this respect a similar 
phenomenon of the eggs of the annelid Chaetopterus.  The unfertilized 
Cumingia eggs consume approximately  3.1  ram3 02  per hour  per 
i0 ram? eggs.  The average consumption of fertilized eggs over the 
period 10-60 minutes after fertilization is 1.4 ram? 02 per hour per I0 
ram? eggs or about 45 per cent of the prefertilization rate. 
I  am greatly  indebted  to Professor W.  J.  Crozier, under  whose 
direction this work was done, for valuable advice and criticism. 
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